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ABSTRACT Molecular dynamics (MD) calculation of the fluid phase lauryl alcohol-laurate bilayer has been executed based on Berend-
sen's surface-constrained model. Structure and dynamics of the bilayer have been investigated by analyzing the trajectories of the chain
configurations. Newly defined correlation functions as well as the conventional ones showed that the tilt and bend of the chain play an
important role in the bilayer structure, including behavior of the order parameter. Interpenetration of the layers as well as formation of
collectively ordered small domains was also found. The calculated lateral diffusion coefficient was in satisfactory agreement with the
experimental one. Successive jumps of the head group, rather than the hydrodynamic continuous motion, were observed. Between the
jumps, the molecule librated in a local site. Time-dependent autocorrelation functions showed evidence of several different modes of the
chain motion, whose time constant ranged from a few tenths of picoseconds to several tens of picoseconds.
INTRODUCTION
A huge number of experimental and theoretical investi-
gations have been done on lipid bilayers as model sys-
tems ofcell membranes and organelles that play an indis-
pensable role in biosystems. The experimental works
consist mainly of thermodynamic (1), spectroscopic
(2), and diffraction (3, 4) measurements combined with
biochemical processes including both static and dy-
namic properties. The former is concerned with stability
of phases of the bilayers and their phase structures, re-
lated to, for example, order-disorder structure, ripple,
and tilt, and the latter with the motion of the bilayers or
lipid chains, phase transition, and material transporta-
tion across the membranes, et cetera. However, based on
the conformations ofthe alkyl chains, the structural stud-
ies of the membranes in fluid and gel phases seem to
belong a semimacroscopic overview rather than a micro-
scopic fine structure. The only exceptions are the crystal
phase, where the detailed structure including the confor-
mations can be obtained by a diffraction technique (3),
and an order parameter analysis based on nuclear mag-
netic resonance (NMR) bandwidth measurement (4).
With regard to the dynamics, nanosecond or longer dy-
namics has been investigated, for example, for tilt, bend,
and lateral diffusion of the lipid chain and for the trans-
portation of materials across the layers. However, there
has been little knowledge of more rapid motion of the
chain, i.e., on the order of picoseconds.
A number of statistical mechanical models have been
proposed (5-8) so far to understand the microscopic
structure of the fluid phase of lipid bilayers. In principle,
most of them are concerned with the packing of the
chain into a volume with simple intermolecular interac-
tions. However, the statistical model as well as the poten-
tial function adopted is too primitive to reproduce well
the static properties ofthe bilayers. The membrane is too
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complex to be represented by such simple models. The
dynamic properties cannot be analyzed by such kinds of
statistical models.
In the present work, molecular dynamics (MD) calcu-
lations have been performed for a lauryl alcohol-laurate
model bilayer to explore the static and dynamic proper-
ties of the real membrane in a microscopic view. The
first MD calculation of the bilayer was reported by Ber-
endsen's group about 10 years ago (9, 10). To our knowl-
edge, however, after their pioneering reports, the simula-
tion study was not developed until a few recent similar
calculations ( 1 1-3 ). This is probably because the
membrane systems are so large that the calculations re-
quire enormous computation time, even with the use of
recent vector computers.
Two kinds of bilayer models have been proposed by
Berendsen's group. In the first calculations (9, 10), water
molecules were not contained in the system, where a role
of the solvent to form a bilayer such as hydrophobic in-
teraction was replaced by the direct harmonic potential
along the bilayer normal between the united head group
and the wall. Another model ( 11) accommodated cat-
ions and water molecules, where the head group had a
fine structure constructed by atoms. The latter model
was, in principle, superior physically to the former.
These two MD calculations were successful in their own
ways and threw light on the investigation of the fine
structure and dynamics of membranes, which could not
be clarified by experiments alone.
However, the scale of their calculated systems was still
small, i.e., 64 x 2 lipid molecules, although the artifacts
found in their previous 16 x 2 system do not appear
there. In particular, in the case of the system containing
water, some peculiar phenomena that seem not to occur
in reality were observed, probably because ofa too-small
number ofsolvent water molecules as well as the approx-
imation in the calculation of long-range coulombic
force; that is, a zigzag structure ofcharged decanoate and
neutral decanol, disappearance of electric double layer,
and direct bonding of Na+ ion with decanoate ions on
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both layer sides occurred. Of course, it is difficult as well
as time consuming to learn how many water molecules
are sufficient to reproduce the real membrane system.
Furthermore, the period of their MD calculation was
limited within 80 ps, which is a little too short to investi-
gate a long-time-scale motion of the lipid molecule such
as tilt and lateral diffusion.
In the present work, a large-scale MD calculation has
been performed to study relatively long-time-scale mo-
tion of the lipid, and to avoid the artifacts caused by a
small number of molecules. The surface-constrained
model (9, 10) was adopted here to investigate the struc-
ture and dynamics of the lipid bilayer in the fluid phase
already formed rather than to study why the bilayer is
stably constructed in water. The number of lipid mole-
cules is 100 x 2 = 200 (2,400 particles), which is about
twice the magnitude of the system studied by Berend-
sen's group. The MD period was totally 390 ps including
the equilibration time. This enables us to discuss the mo-
tion ofthe membrane whose time scale is, at least, longer
than several tens of picoseconds.
In the rest of the paper, the present calculations and
the potential model are roughly described. Structure and
dynamics of the bilayer and its component lipid mole-
cules are discussed in detail by newly defined static and
time-dependent correlation functions as well as by per-
spective and projected pictures. A comparison with the
work by Berendsen's group is also made.
a response time of ps. The time step was 5 fs, which was
short enough to preserve the total energy in a prelimi-
nary MD run in NEV ensemble.
After a long equilibration run ( 180 ps) from the initial
all-trans configuration with the molecular axes normal
to the bilayer, the MD run was continued for further 210
ps at T = 310 K to obtain various kinds of static and
dynamic functions. In the first 150 ps of equilibration,
bilayer thickness was decreased from 31 to 23 A, proba-
bly because of the tilt of the chains. Averaged lateral
pressure was 4.8 MPa, whereas longitudinal pressure was
-2.8 MPa. Although the value of the pressures is some-
what different from atmospheric 0.1 MPa, the order is in
good accord with that in the real system. The present
pressure value is satisfactory, considering the fact that
MD pressure is always too sensitive to the potential func-
tion to reproduce the experimental PVT curve, and the
physical properties ofthe layer are insensitive to the pres-
sure of this order. Averaged total energy was - 11 kJ/
mol with a fluctuation of roughly 1 kJ/mol in our NVT
ensemble. Total MD run (78,000 steps) required 15 h
by the HITAC S-820 super computer at the Institute of
Molecular Science.
Potential model
The interaction model is almost the same as that of van
der Ploeg and Berendsen (9). First, bond angle poten-
tials are taken as harmonic function
V(O) = ('/2)ka(O - Oo)2, (1)
CALCULATION
MD calculation
TheMD calculation has been performed inNVT ensem-
ble with the leap-flog algorithm ( 14) using our original
program. A united atom model was adopted here for
alkyl chain and COO- group (MCH2 = 14, MCH3 = 15,
mcoo- = 44) because the motion of hydrogen atoms of
the alkyl chain is beyond our present concern. During
the calculation, the C-C bond length was always fixed
by the SHAKE method (15). A unit cell contained
two layers of 100 laurate (dodecanoate) molecules,
CH3(CH2)10C00, i.e., 2,400 particles, in the periodic
boundary condition in two directions x and y, i.e., bi-
layer lateral. In the present calculation, lauryl alcohol
molecule was not distinguished from laurate molecule,
following the surface-constrained model (9). The peri-
odic boundary condition was not adopted to z-direction,
i.e., bilayer normal. The cell size was 50 X 50 x 23 A,
where the lateral dimension was determined based on
the experimental data for a decanol-decanoate-water
system (16), whereas the dimension normal to the bi-
layer was adjusted in the calculation to reproduce the
pressure in the longitudinal direction as stated below.
The density ofthe system was 1.1 g/cm3 and the surface
number density ofthe head group was 0.04/A2. Temper-
ature was maintained by Berendsen's method ( 17) with
where ka = 520 kJ * mol-' * rad-2 was derived from a po-
tential function used by Weber ( 18) (O0 = 1.9106 rad.).
Dihedral potential function is
V(X) = 2: Ci(cos /)i, (2)
withC0= 1,116kB, Cl = 1,462 kB,C2= 1,578 kB,C3=
-368 kB, C4 = 3,156 kB, and Cs = -3,788 kB( 19), where
kB is the Boltzmann constant. This causes trans-gauche
barrier energy = 12.3428 kJ/mol, and energy of the
gauche minimum = 2.9288 kJ/mol. Hereafter, we refer
to -r/3 < < xr/3 as trans conformation, which is
abbreviated as t, -r < < -r/3 asg-, and 7r/3 <OX <r
asg+.
The Lennard-Jones interaction between all intermo-
lecular pairs and those intramolecular pairs (i, j) for
which] > i + 3 is
V(r1j) = 4E[(a/rij)'2 -(o-rij)']. (3)
There are three types of particles; CH2, CH3, and
COO-. For e and a of CH2, the literature values of
0.4301 kJ/mol and 3.74 A, respectively, (20) were
adopted. For CH3 E and a were 0.6423 and 2.74, respec-
tively, and forCOO- 0.9203 and 4.22 (21) . The Lorentz-
Berthelot combination rule (22) was used for cross-in-
teractions. The interaction cut-off radius of 15 A was
used.
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FIGURE 1 Convergence of gauche fraction from the initial condition
of the MD run. The period when t < 180 ps was an equilibration run.
K) and in theoretical model calculation by Marsh (23)
(0.22, 310 K). On the contrary, an increase in gauche
conformation has been reported by Padrilla and Tox-
vaerd (24). The difference may be caused mainly by the
packing of molecules. A gauche orientation of the long
chain molecule often leads to a considerably bulky con-
formation, which hardly occurs in the dense phase. The
chains are likely to align with each other to form trans
conformation, i.e., to construct a layer. On the other
hand, in the case of n-pentane, the volume change is not
so large because the chain length is short. Other many-
body interaction effects that relatively stabilize gauche
conformation may be larger than the volume effect. The
conformation in which 1 > 0.897r (1600) was not
observed because ofthe unfavorable potential energy ei-
ther in the bilayer or in a vacuum.
The order parameter, defined by
S22(n) = K3 cos2 O(n) - 1>/2,
Interaction of head group units with the water layer is
replaced by harmonic potential with the x-y plane wall
V(z) = ('/2)kh(z _ zO)2 (4)
The value ofkh is 3.00 kJ * mol1 A-2, and z0 = 0 and 23
A for each layer. In addition, it acts on all atoms of the
chain, when the atom is outside the wall. This prevents
the phenomenon that a molecule occasionally turns its
tail outside the bilayer (9).
RESULTS AND DISCUSSION
Static properties
Fig. 1 shows time evolution of gauche fraction of the
total system from the initial configuration ofthe present
MD. Although gauche conformation increased rapidly
from all-trans initial condition, roughly 60-100 ps of
equilibration time was required to reach a stationary
value and fluctuate around it. In contrast with an ordi-
nary small-molecule system, this time is considerably
long owing to the long chain. The fluctuation is rather
small after reaching the equilibrium, i.e., -0.02. All the
ensemble averages ofphysical quantities were made after
180 ps of equilibration time, which is more than enough
considering much shorter relaxation time from the ini-
tial configuration typically shown in this figure.
The system was in the fluid phase, as discussed later in
detail. Calculated dihedral angle distribution ofthe lipid
chain conformation in the fluid phase is compared with
the distribution in a vacuum in Fig. 2. The integrated
value was 0.22 and 0.34 for gauche conformation in the
bilayer and in a vacuum, respectively, widths of the
peaks being almost the same for these two. The gauche
fraction was 35% lower in the former than in the latter.
The decrease has been observed also in the decanoate
system by van der Ploeg and Berendsen (9) (0.21, 300
(5)
is plotted in Fig. 3 together with the trans fraction as a
function of carbon atom number n, where 0(n) is the
angle between bilayer normal and a line connecting n -
1 and n + lth carbon atoms. Because a dihedral angle is
defined by successive four carbon atoms, the trans frac-
tion is plotted against a half-integer number representing
the center ofthese four. The order parameter profile is in
good agreement with that by van der Ploeg and Berend-
sen (9) and with that ofthe hard core repulsion theory by
Meraldi (25). It shows a plateau at small ns more clearly
than that by van der Ploeg and Berendsen because the
length of the present lipid chain is longer than theirs.
After the plateau, it decreases, i.e., the angle 0 becomes
large, at a large carbon atom number, n = 8-1 1. These
are in good correspondence with Seelig and Nieder-
berger's experimental result (26) for a decanoate system.
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FIGURE 2 Distribution ofthe dihedral angle ofthe lauryl chains in the
bilayer ( ) and in a vacuum (- - -).
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FIGURE 3 Order parameter S2, (0), trans fraction (*), and the stan-
dard deviation of the z coordinate of the particle from its averaged
position (A) for the lauryl chains in the bilayer.
The figure reveals also that the shape of trans fraction as
a function of n is conformal to that ofthe order parame-
ter profile: the order parameter profile must be related to
the intramolecular structures ofthe lipid chain. That is, a
decrease in the order parameter is closely related to an
increase in the gauche conformation (or a decrease in the
trans conformation). Conformation of the chain is
mainly trans between the head group and the middle,
whereas a relatively large number of gauche conforma-
tions are found near the tail. However, the small number
of Szz, i.e., -0.6, at the plateau can be ascribed to the tilt
of the whole chain. The averaged tilt angle of the chain
against the bilayer normal is - 30° in this case. We can
thus draw a picture of chain in the fluid phase that the
chain tilts as a whole from the head group and bends a
little at carbon atoms near n = 7-8.
The standard deviation az(n) of z coordinate of the
carbon atoms from its averaged position, defined by
az(n) = <In-
A kink has been often discussed as an important con-
formation that facilitates chain packing in the bilayer.
Fig. 4 shows the number ofkinks per carbon atom. Car-
bon atom number n in the figure represents the central
dihedral angle of the three successive ones that form a
kink, i.e., g+tg- or g-tg+. The number is half-integer in
the same way as in Fig. 3. The kink density is 0.03-0.05,
the value decreasing with increasing n. Although an odd-
even effect ( 1I1 ) appears to exist, it is not definite because
of the possibility of statistical error. The averaged num-
ber of kinks per chain was 0.27. This is higher than that
in a vacuum (0.14), which may be caused by the present
lipid molecule of longer chain, i.e., the more spacial de-
gree of freedom. In any case, about a quarter of lipid
chain forms a kink, which must make a certain contribu-
tion to the stable structure ofthe lipid bilayer in the fluid
phase.
A pair correlation function for particles projected on
x-y plane is presented in Fig. 5 for the head groups in the
same layer, the tail groups in the same layer, and the tail
groups in different layers. First, the figure shows that the
lateral structure ofthe head groups is very similar to that
of liquids. The function shows periodic peaks that decay
rapidly, i.e., at r = 4.6, 9.2, 13.6, and 17.9 A with the
height of 2.1, 1.3, 1.1, and 1.05, respectively. This im-
plies that the bilayer is at the fluid phase. In this system,
however, a long-range correlation is clear compared with
the other liquid systems. Even the fifth peak is still
clearly observed.
Qualitative structural features found in Fig. 5 are al-
most the same as those found by Berendsen's group (9):
i) the system is in the fluid phase as stated above; ii) the
v.vv,
0.061
a)
(6) z
is presented in Fig. 3, too, where Zn is the averaged z
coordinate of nth carbon. This is a measure of delocali-
zation of carbon atom along the z axis. The value is -1
A for the head group and is still 1.2 A for the seventh
carbon, and it increases for carbons with the larger num-
bers to reach -2 A for the tail. The fluctuation of the
position is small for the plateau carbon atoms, i.e., n =
1-7, and the larger the carbon is, i.e., for n = 8-12, the
larger the degree of delocalization along the z axis. This
implies that the bend of the chain at n = 7-8 is not a
static or solid one but a dynamic or flexible one whose
motion is considerably slow.
0.041
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FIGURE 4 Averaged number ofkinks per carbon atom, n representing
the central carbon atom number of the kink.
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tail groups are less correlative than the head groups, prob-
ably because ofthe larger degree offreedom in the space,
which is in good correspondence to the result ofthe stan-
dard deviation of z-coordinate; and iii) overlap of the
particles on the projected x-y plane is observed even
between the tails in the same plane. However, it is inter-
esting that clear correlation is found between the tail
groups in the different layers, i.e., small peaks at 3 and
8 A, which reveals that interpenetration ofthe tail group
across the layer occurs. The interpenetration is directly
observed by perspective pictures shown in Fig. 8 b. This
is in contrast to the results of van der Ploeg and Berend-
sen (9), who found no correlation between them, proba-
bly because ofthe small system (N = 16 x 2) or the short
chain of lipid molecule. The interpenetration of the
chains was predicted first by the theoretical model calcu-
lated by Meraldi and Schlitter (8). Our data support the
presence of the interpenetration of the chains in the
membranes.
Tilt of the molecular axis belongs to a fundamental
concept in the discussion of the lipid bilayer structure
and its stability. It must be directly related to the order
parameter as stated above and to other structural func-
tions such as thickness of the bilayer. The tilt is repre-
sented by an angle 0 between chain axis and bilayer nor-
mal, where the chain axis is defined here by a line con-
necting the head group and the ninth carbon. The ninth
carbon was adopted instead of the tail group to reduce
the influence of the molecular bend. The distribution of
the tilt angle is presented in Fig. 6. The distribution of
the angle formed by the chain axes of the neighboring
two molecules is also given in the figure. The "neighbor"
was defined as the pair of the molecules whose head
groups are nearer to each other than 7.0 A, i.e., the dis-
tance at which the lateral g(r) ofthe head groups has the
first minimum value. The result for the tilt distribution
1 .
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FIGURE 6 Distribution ofthe tilt angle between the chain axis and the
bilayer normal ( ), and ofthe angle formed by the chain axes ofthe
neighboring two molecules (- - -).
was almost the same as that reported by van der Ploeg
and Berendsen (9), at least qualitatively. It shows a
sharp peak at 0 = 00. The ratio of the chains whose tilt
angle less than 30° is as large as 0.71, and 0.28 of the
chain has the angle between 30° and 600, only 1% ofthe
molecules having a larger angle. On the other hand, as
shown in the figure, the angle distribution between the
neighboring chains is still sharp, i.e., 0.61, 0.35, and 0.04
for 0° < 0 < 30°, 30° < 0 < 60°, and 0> 60°, respec-
tively. This indicates that the correlation of the tilt be-
tween the neighboring molecules is strong, although the
distribution is broader than that of the tilt angle. The
averaged tilt angle was 27.5°, which supports the idea
that the small order parameter at small carbon numbers
is caused mainly by the tilt. The maximum value of the
angle formed by the neighboring chain axes was 1070.
Interparticle distance distribution in one molecule is
defined as
(7)
where r' is the distance between two particles separated
by n bonds. The results are shown in Fig. 7 for n = 2-1 1.
From the definition, P'(r) is a delta function, as the
bond length was fixed to ro by the SHAKE method.
P2(r) reflects only the C-C-C bendingmotion, which
shows only one sharp peak at r = (2/3) 6ro. Two peaks
are found in P3(r); it is clear from the value of r that the
larger one is based on trans conformation and the
smaller one on gauche conformation, the integrated val-
ues being in good agreement with the value from Figs. 1
and 2. The line shape of the peaks must be caused by
both the bending motion ofC-C-C angle and the li-
bration of dihedral angle within trans or gauche confor-
mation, the width being roughly the convolution ofthese
two. The gauche peak is twice as broad as the trans one,
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FIGURE 5 Two-dimensional radial distribution function for particular
particles. , head group-head group in the same layer; -- -, tail
group-tail group in the same layer; and * * , tail group-tail group in
different layers.
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FIGURE 7 Intramolecular interparticle distance distribution PM(r),
two particles being separated by n bonds.
which, however, may be caused only by the geometrical
relation between the distance r and the dihedral angle. It
is interesting that the relative position ofthe particle that
participates to form gauche conformation is delocalized
over as wide as -1 A at maximum. In P4(r), two peaks
are found in the figure, too. The right sharp peak must
correspond to tt (two successive trans conformations),
and the left broad one to tg (indistinguishable from gt).
g ±g conformation, which should appear at r = 3.3 A,
was too small to be found in the figure.
In the case of the function P5( r) there are three peaks
in the figure. The right peak represents ttt conformation,
the center tgt, and the left gtt. A small peak based on the
kink conformation, i.e., g+tg- or g-tg+, must be merged
into the last one. The peak of tgt and gtt conformations
are clearly separated in this case, whose fractions and the
distributions are in the same order. However, peaks
based on many kinds ofcombinations of t and g, includ-
ing at least one gauche conformation, i.e., the peaks on
the lefthand side, merged into each other for n larger
than 5, where they are not separately found and the dis-
tribution becomes as wide as 2-5 A. On the other hand,
height of the peaks of Pf(r) for all trans conformations
decays exponentially with increasing n. It shows that the
fraction of the chain with all trans conformation was
only - 0.1, i.e., area of the right peak of PII(r).
Single molecular properties of the lipid in the fluid
phase have thus far been investigated by clearly defined
statistical mechanical functions. Hereafter, some collec-
tive structure will be roughly discussed from the direct
observation of the bilayer. Fig. 8 a shows projection of
the lipids at t = 390 ps onto x-y plane, where only the
head and tail groups are presented; each circle represents
the head group and the line is drawn between the head
group and the tail. Length of this line thus represents a
tilt angle of the chain, i.e., the shorter the line is, the
smaller the tilt angle. The system is in the disordered
phase as discussed in terms of the pair correlation func-
tions. However, it is remarkable that there certainly exist
somewhat ordered domains in the system, where direc-
tion and tilt of the chains are aligned as indicated by
broken lines in the figure. The ordered aggregates are
relatively small, the number of the constituents being
less than 10. Outside the ordered domains, the chains are
randomly directed and tilted. In the fluid phase, thus, the
ordered domains or clusters of lipid molecules are dis-
persed in the disordered "solvent." This can possibly be
measured by neutron or x-ray small angle diffraction
and Rayleigh scattering of light. Similar phenomena
have already been observed, in general, for a number of
polymer systems.
Fig. 8 b shows a y-z projection of carbon atoms at t =
390 ps. A lipid molecule is drawn by a small circle repre-
senting a head group and lines connecting adjacent car-
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FIGURE 8 (a) An x-y projection ofthe head and tail groups at t = 390
ps. The circles represent the head particles, and the straight lines con-
nect the head and the tail. (b) A y-z projection ofthe arbitrarily chosen
80 chain molecules at t = 390 ps. The small circles represent the head
groups.
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FIGURE 9 Three-dimensional ( ) and two-dimensional (--- -)
mean square displacements of the head, middle, and tail groups ofthe
chain.
bons successively. Only 80 molecules among 200 are
drawn to avoid too much overlap ofthe lines. The chains
tilt and bend in various ways, resulting in the distribu-
tion functions stated above. Disordered characters are
clear from this figure, too. Interestingly, interpenetra-
tions ofchains are clearly shown. Many ofthe tail groups
belonging to different layers are on the same plane, while
some of them penetrate to another layer by an order of
one or even two bond lengths.
Dynamic properties
Two kinds of mean square displacements of the head,
tail, and middle groups are presented in Fig. 9. One is a
usual three-dimensional displacement and another two-
dimensional one projected on the x-y plane. All the
functions rise up rapidly at small t owing to localized
libration, after which they give straight lines. These indi-
cate that they are in the stationary states and duration
time of the present MD calculation is long enough to
analyze the translational motion ofthis large lipid mole-
cule.
The slopes of the functions are almost the same be-
tween the three-dimensional motion and its projected
two-dimensional one, which is consistent with the fact
that the lipid molecule does not diffuse along z-axis. The
initial rise of the curves is larger for three-dimensional
motion than for the projected one. The difference is larg-
est for the tail. This means that the libration ofthe parti-
cles along the z-axis is large, in particular, for the tail.
This must be closely related to the behavior ofthe mean
square deviation ofparticles as a function ofcarbon num-
ber n.
Lateral self-diffusion coefficients for the projected
motion on the x-y plane were estimated from the slope
of the mean square displacements. These were 7.2, 7.1,
and 6.2 x 10-6 cm2/s for the head, tail, and middle
groups, respectively. It is reasonable that the values are
just 3/2 of those defined as three-dimensional diffusion.
These values are smaller than the value 1-2 X 10-5 cm2/
s calculated by van der Ploeg and Berendsen (9) for the
smaller system of the shorter calculation. However, the
present value is still a little greater than the experimental
one (27), i.e., 1.3 x 10-6 cm2/s. As van der Ploeg and
Berendsen (9) pointed out, this may be caused by the
fact that there was no water molecule in the calculation
that interferes with lateral diffusion of lipid molecule by
interaction with its head group. However, the values are
satisfactory enough to mimic the diffusion process, be-
cause the accuracy of the calculation (and the experi-
ment) is in the order of the value itself.
To examine the translational motion in more detail,
we drew trajectories of some head and tail groups by
projecting them onto x-y plane. The trajectories of 210
ps are presented in Fig. 10 for arbitrarily chosen seven
molecules. The hatched area in the figure corresponds to
the averaged occupancy of one molecule, i.e., 25 A2,
calculated from surface density. It is obvious that mov-
ing areas of both head and tail groups are much greater
than the hatched one, showing that the motion of the
chain is very active.
In particular, the motion ofthe molecule indicated by
the arrow in the figure is interesting. At first, the head
group moved about within site B for -30 ps. Then, it
jumped in 5 ps from site B to site C, where it librated for
- 45 ps. Then, itjumped back again to site B in 5 ps and
stayed there for 25 ps this time. Next it moved suddenly
to site A and stayed there for 25 ps. It transferred from
site A to site B in 10 ps and stayed around the site for
50 ps. Thus, a series of the motion can be described in
terms of a successive jump between clearly defined sites,
and a stay there for a while rather than ofhydrodynamic
continuous motion. In a certain period, localized and
delocalized particles are simultaneously observed.
In the remaining part of this section, one-particle dy-
namics will be examined to investigate, in particular,
how many and what kind of motions exist in lipid chain
in the fluid phase.
Velocity autocorrelation functions C,,(t) of the head
and tail groups are shown in Fig. 1 1. The functions show
i) rapid cross with 0 value at a few tenths ofpicoseconds;
ii) very fast but small oscillation throughout the time,
i.e., 0.07 ps for both particles; iii) somewhat longer oscil-
latory behavior, the periods being 1.0 and 0.7 ps for the
head group and the tail, respectively; and iv) slow return
to start oscillation around 0 value, i.e., -4 and 3 ps for
the head and the tail, respectively. The first and second
phenomena must be caused by the bending motion with
regard toC-C-C bond angle. The third one may repre-
sent the libration of single dihedral angle. The difference
between the head and the tail may possibly occur owing
to the difference in the packing condition, in other
words, the free space. The last one may be related to the
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FIGURE 1 1 (a) Short-time and (b) long-time velocity autocorrelation
function CQ(t) of the head ( ) and tail (- - -) groups of the chain
molecules.
ns. They show exponential-like decay, whose rate be-
comes longer with increasing n value. Crn(t) with n = 4
and with n = 7-10 lies between the curves for n = 3 and 5
x /A
FIGURE 10 Trajectories of the head groups (a) and the tail (b) of the
arbitrarily chosen seven molecules projected on the x-y plane. The
total duration was 210 ps. For A, B, and C, see the text.
translationally localized libration, which contributes to
the initial rise of mean square displacement.
A time autocorrelation function C/(t),
Cn(t) = <r'(t) r'(O)>/<r'(0)'>
c0
(8)
was defined to investigate more extended motion of par-
ticles, which may be described, too, by combinations of
dihedral angles, where rn represents a vector formed by
two carbon atoms separated by n successive C-C bonds.
The calculated functions are shown in Fig. 12 for several
t/pS
FIGURE 12 Time correlation function C,"(t) of the intramolecular
vector between two carbon atoms separated by n bonds.
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FIGURE 13 Perspective pictures ofthe lipid chain motion ofthe arbitrarily chosen three molecules. The trajectories were drawn every 30 ps and the
total duration was 180 ps.
and for n = 6 and 11, respectively, although they are not
shown in the figure. The functions are thus, classified
into three groups according to their decay rate. The first
one consists of only one function, i.e., n = 2; the second
is composed ofthe functions with n = 3-5; and the last of
those with n = 6-1 1. It is clearly shown that the decay
becomes smaller with increasing n. From the definition,
large motion is required for the function with large n to
make a given increment. However, it is impossible to
make such large motion in the dense phase. Thus, the
larger the number n becomes, the smaller the decay of
the function is. The limiting value of C2( t) in a vacuum
is (1 - cos 109.5°)/2 = 0.66* . . when we assume that
the origin ofvector r' is fixed. As shown in the figure, the
function decays very rapidly and approaches to a limit-
ing value in -60 ps. Because C3(t) represents the mo-
tion of particle around one C-C bond, it was proved
that the relaxation time of the single dihedral angle is
-60 ps. For larger n, because the motion of the particle
should be described by combinations of dihedral angles,
the situation becomes very complicated. In any case, it is
interesting that the correlation functions can be classi-
fied into three groups, although the reason is not clear in
the present stage ofthe analysis. Fig. 13 presents a trajec-
tory of the configuration of selected lipid molecule. As
shown in the figure, bend of chain, which leads to a large
motion of particles, sometimes takes place. The chain in
the figure bent twice in 180 ps. The frequency is, in gen-
eral, low, depending on the particles in this short period.
Conclusion
Molecular dynamics calculation of the lauryl alcohol-
laurate bilayer has been performed using Berendsen's
surface-constrained model, the fluid phase being suc-
cessfully reproduced.
The tilt and bend ofthe chain plays an important role
in the bilayer structure, including behavior of the order
parameter. Interpenetration of the layers, as well as for-
mation of collectively ordered small domains, was also
found.
The calculated lateral diffusion coefficient was in satis-
factory agreement with the experimental one. Successive
jumps of the head group, rather the hydrodynamic con-
tinuous motion, were observed. Between the jumps, the
molecule librated in a local site. Time-dependent auto-
correlation functions showed evidence of several differ-
ent modes of the chain motion, whose time constant
ranged from a few tenths of picoseconds to several tens
of picoseconds.
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